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Abstract

This study provides and discusses the spatial distributions of abundances and sizes of marine-snow aggregates across the Ligurian Sea
frontal system. A cross-front transect was sampled 34 times between 1992 and 1996, using the Underwater Video Profiler (UVP).
Atlantic Water flows parallel to the Ligurian coast in the NW Mediterranean Sea, where that current creates a quasi-permanent front that
separates the central and coastal waters. The horizontal distribution of aggregates (> 150 pm ESD, Equivalent Spherical Diameter) in the
upper 1000 m shows two main features. First, the smaller aggregates (150 um<ESD <1 mm) are more abundant in coastal waters, as a
result of continental input, cross-slope export, and re-suspension along the slope. The layers that contain very high concentrations of
small aggregates are observed from surface down to 1000 m, and extend from the continental slope to the front. Second, the
concentrations of large aggregates (ESD> 1 mm) are highest in and under the frontal zone, probably as a result of physical coagulation,
and/or biological transformations. The seasonal intensity of large aggregate accumulations in and under the frontal structure seems to be
more related to the autumn—winter increase in sub-mesoscale and mesoscale activity of the current flow than to the surface phytoplankton
biomass. Interestingly, the horizontal distribution of aggregates is affected not only in the frontal zone (0—300 m depth), but also deeper
down to 1000 m, probably as a consequence of rapid sinking or vertical transport. Results suggest that the settling of large aggregates
under the frontal zone may limit the cross-slope transport of fine-grained particles by coagulation due to differential settling between the
small particles suspended in the continental nepheloid layer and the large aggregates. This process, which takes place in sub-mesoscale
zones (5—10 km wide), was also observed in one other front in the Western Mediterranean Sea. This led us to hypothesize that the impact
of frontal processes on particle and aggregate dynamics might be generalized. Since fronts exist in many other coastal regions, the vertical
fluxes at sub-mesoscale may have consequences for the transport of continental particles to the ocean’s interior.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the last 20 years, there have been several large
programs on shelf-edge exchange processes, designed
to quantify the role of continental shelves and slopes
as sinks for atmospheric CO,. Intermediate Nepheloid
Layers (INLs) off the continental slopes were observed
at several sites (Gardner, 1989; de Madron et al., 1999a;
Heussner et al., 1999; McCave et al., 2001). Authors have
invoked various biological, physical, or combined mechan-
isms related to marine aggregates to explain the dynamics
of INLs (Gardner and Walsh, 1990; Monaco et al., 1990;
McCave et al., 2001). It was proposed that large marine
aggregates, which include various types of particles
(biogenic and mineral), are major players in the aggrega-
tion of fine suspended particles and their subsequent
horizontal or vertical transport. At the Gulf of Lions shelf
edge, just to the west of the present study area, Durrieu de
Madron et al. (1990) proposed that the spatial extent of the
INLs was controlled by the presence of a permanent frontal
structure generated by the permanent along-slope current
of the Atlantic Water (AW). In addition, Monaco et al.
(1990) suggested that the offshore spreading of the INL
was controlled by the scavenging of small particles by large
settling aggregates produced above, in the euphotic zone.
However, the spatial scale at which the scavenging of INLs
by large aggregates occurs is not known.

A recent study, conducted in the mesoscale context of
the North-East Atlantic, has shown that the abundance of

large aggregates increases as deep as 1000 m depth,
probably resulting from intense mesoscale export of
surface production (Guidi et al., 2007). In addition,
another recent study across the Almeria frontal systems,
along the continental slope of the Algerian coast, sug-
gested that aggregates larger than 1 mm ESD (Equivalent
Spherical Diameter) were more abundant in the vicinity of
the front than in adjacent waters (Gorsky et al., 2002). The
authors proposed that the accumulation of large aggre-
gates close to the front may increase the deep vertical
transport of particles at horizontal scales of few tens of
kilometers. Therefore, it is possible that such local export
at fronts along the continental slope could potentially
sweep the suspended particles contained in the INLs.
However, the spatial and temporal distributions of aggre-
gates at shelf edges are still poorly known, especially in
mesoscale features.

The objectives of the present work are to provide
estimates of the spatial variability in the vertical
distributions of aggregates (60—1000 m) across the
Ligurian Sea frontal system (Fig. 1), in order to test the
hypotheses that (1) the offshore spreading of coastal
suspended particles and aggregates is controlled by the
frontal structure, (2) the offshore extension of INLs is
controlled by higher vertical export of large aggregates
under the frontal zone. Results from our study will be
compared with an investigation made in the Almeria
frontal system. Similarity in patterns of variability would
provide a basis for defining the spatial distribution of

46°N

44°N

42°N

40°N

4°E 8°E

Fig. 1. Sampling zones in the Western Mediterranean Sea (LC=Ligurian Current, NC=Northern Current, AS=Alboran Sea, GL=Gulf of Lion). The
locations of the two frontal systems are highlighted by the boxes: the Ligurian frontal system is in the upper northeastern rectangle, and the Almeria frontal
system is in the southwestern rectangle. The path of the flow of the AW is represented by the continuous (more or less steady path) and dotted (mesoscale

meandering throughout the year) arrows (redrawn from Millot, 1999).
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aggregates in along-slope frontal systems. The occur-
rence of such processes along the flow of the AW in the
Western Mediterranean sea will be discussed.

2. General features of the Ligurian Sea frontal
system

The permanent cyclonic circulation in the Ligurian Sea
is well document from numerous historical (Béthoux and
Prieur, 1983), hydrocast (Béthoux et al., 1988; Albérola
et al,, 1995), and current-meter (Taupier-Letage and
Millot, 1986; Sammari et al., 1995) data. The thermal
front detected from IR images corresponds to a density
front which sets the offshore surface limit of the Ligurian
Current (Prieur etal., 1981), and shows meanders (Crépon
et al., 1982). The Ligurian Current (LC), which is about
25 km wide and 300—400 m deep, flows southwestwards
along the coast, over depths greater than 1000 m, with a
mean speed of 25-35 cm s ! (Béthoux et al., 1988;
Albérola et al., 1995; Sammari et al., 1995; Millot, 1999).
It is a component of the Northern Mediterranean Current,

which transports light Atlantic Water from Italy towards
Spain (Prieur et al., 1983; Millot, 1999). Béthoux et al.
(1982) showed that transport in the upper 200 m (annual
mean ca. 1.4 Sv) has a marked seasonal variability due to
the permanent contribution of the Western Corsica
Current (0.7 Sv) and a seasonal contribution of flow
from the Tyrrhenean Sea through the Corsica Channel
(from 2 Sy in late autumn to a minimum of 0.2 Sv in
summer). Later measurements in the Corsica Channel
confirmed this seasonal variation and stressed the inter-
annual variability in intensity and periodicity which is
associated with the heat and water losses in Ligurian Sea
(Astraldi and Gasparini, 1992).

Dense water is formed in the Central Zone (CZ) of the
Ligurian Sea as a consequence of meteorological forcing
in winter. Subsequent geostrophic adjustment accelerates
the LC flow in winter around the CZ (Crépon and
Boukthir, 1987). Out of the winter period, the LC flow is
also forced by two others processes, i.e. the discharge of
freshwater along the coast following heavy rains in
autumn and, from spring to next winter, the 100 m
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Fig. 2. Schematic representation of the position of the sampled transect relative to the Ligurian Current (LC) in two extremes situation. A and C are
horizontal maps and the grey area corresponds to land, B and D are vertical sections and the black triangle represents the continental slope. A and B
depict the summer situation, with a broad current and low mesoscale activity, C and D are the winter situation, with a narrow current and a sharp
meander such as in February 1996. In A and C, the dotted straight line is the transect, the thick continuous curve is the front, the dotted curve is the
coastal limit of the current, the black triangles symbolize the main processes associated to these situations, as follows: (V) convergence, downwelling,
and (A) divergence, upwelling. The arrows () in A and C indicate the mean flow of the horizontal current. The double arrow in A represents
5 miles, and the front in A is located at approximately 20 miles from the coast. In B and D, the symbols 4 and | indicate the coastal and offshore limits
of the frontal zone (FZ), respectively. The FZ separates the Peripheral Zone (PZ) from the Central Zone (CZ). The arrows in B represent the main
processes associated with this situation: (¢”) convergence and downwelling, and (_#) divergence and upwelling (the same arrows are found in
Boucher et al., 1987). In B, the gray area along the slope corresponds to INL and IAL, of continental and biogenic origin, while the gray area in the FZ
corresponds to IAL locally produced and being exported vertically below the front section (see Discussion).
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lowering of the dense water level in the CZ due to outflow
of dense water at Gibraltar (Béthoux et al., 1988). Under
the influence of these forcings and also winds, the LC
is subject to frontogenetic processes and geostrophic
adjustments, which generate meandering, and secondary
circulation with possible strong, local vertical velocities
near the front. This mesoscale activity is highest from
early autumn to late winter (Sammari et al., 1995).
Therefore the LC is not a coastal current but an along-
slope current with high horizontal velocity in the jet and
weak velocity near the coast (5 cm s~ ' to SW). Using a
quasigeostrophic approximation, Allen et al. (2005)
demonstrated that, in a similar jet frontal system which
was meandering and baroclinically unstable, the vertical
circulation upwelled light water in the current, and
downwelled near-surface dense water near the front.
However, other dynamical sources of vertical circulation,
such as turbulences and ageostrophic forcings, are possi-
ble and could deeply modify the vertical pattern (Giordani
et al., 2006). In the Ligurian Front, as in many other
studied areas, physical data are not sufficient to perform
vertical velocity calculations, but the patterns in phyto-
plankton biomass, temperature and salinity suggest that
they occur (Zakardjian and Prieur, 1998). Cooler water,
richer in nutrients, is often encountered along the front at
surface, which is consistent with upwelling of subsurface
water (Boucher et al., 1987; Sournia et al., 1990). In
addition, double-peaked chlorophyll and nitrate vertical
profiles are frequently observed near the offshore side of
the LC (Boucher et al., 1987). The deep peaks in the
frontal zone are the signatures of convergence and down-
ward advection along isopycnals of the production in the
CZ. Such anomalies are not necessarily due to continuous
vertical circulation, but could be also modulated by
marginal instabilities of the jet when it is strongly
meandering. This geostrophic frontal system has a strong
impact year long on the upper distributions of phyto-
plankton and zooplankton in the Ligurian Sea (Boucher et
al., 1987; Sournia et al., 1990; Goffart et al., 1995).
Furthermore, lateral export of surface production along
isopycnals in the convergence has been proposed to feed
the observed mesopelagic appendicularian communities
in the mesopelagic coastal zone (Gorsky et al., 1991).

In a schematic model, Boucher et al. (1987) assumed
divergence near the offshore limits of the current jet, and
convergence inside the frontal zone. The same physical
scheme is used in the present work (Fig. 2). Asthe LCisa
geostrophic frontal jet, with its core flowing roughly
above the 1500—2000 m isobath (15 nautical miles off
Nice), vertical sections of density allow the delimitation of
the jet and the front. It is difficult to determine precisely
the coastal limit of the jet from density sections only, but

Table 1
Position of the stations in the Ligurian Sea

Station Latitude Longitude Distance (nm)
13 43°39.58 07°21.39 1.5
12 43°38.73 07°23.08 3
10bis 43°37.90 07°24.93 4.5
10 43°37.72 07°25.85 5.5
9 43°36.07 07°28.99 8

8 43°34.69 07°31.88 10.5
7 43°33.36 07°34.78 13

6 43°32.00 07°37.68 15.5
5 43°30.67 07°40.57 18
4 43°29.28 07°43.39 20.5
3 43°27.93 07°46.39 23

2 43°26.69 07°49.25 25.5
1 43°25.29 07°52.13 28

Distance refers to the distance from Cap Ferrat on the coast open sea
transect.

that limit can be determined from dynamic heights when
the maximum depth of each cast is sufficiently deep
(700 m in the Ligurian Sea). The frontal jet current clearly
separates the peripheral zone near the coast (PZ), which
contains the less saline and warmer AW, from more saline
and colder water in the CZ. In the present study, the area
showing a horizontal density gradient over a significant
vertical scale will be identified as the Frontal Zone (FZ),
and its open sea limit will be set where the seaward surface
density gradient becomes considerably reduced (Fig. 2).
The FZ encompasses the horizontal flow of AW as well as
the convergence, whereas the CZ is characterized by
weaker horizontal flow and marks the beginning of the
divergence. The well studied current circulation and
biological pattern in the zone provided an ideal case for
examining the relation between physical forcing and
marine aggregates spatial distributions.

3. Methods
3.1. Sampling strategy

The Meso-Bathy-Pelagic Front program was con-
ducted from January 1992 to June 1996 along a transect
that crossed the typical hydrological features of the
Ligurian Sea (Fig. 2). The stations were spaced every
2.5 miles (4.64 km) on the transect, from a coastal station
1.5 miles from Cap Ferrat, France, to an offshore station
28 miles (52 km) to the southeast (Table 1). Several
stations were occupied in each hydrological structure (PZ,
FZ and CZ, Fig. 2). A typical cruise consisted of 10—12
stations, but on one occasion data were collected at only 4
stations. The minimum time lag between two cruises was
1 day (December 1994) and the maximum was 6 months
(July to December 1995 (Table 2).
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Table 2
Sampling dates (first day of each cruise) during the MBP Front program (st=number of stations in the transect, * =transect repeated within the same
week)
1992 1993 1994 1995 1996
January 13/01/92e 27/01/93 12/01/94e 15/01/95e
(2 days, 10st) (2 days, 11st) (2 days, 12st) (2 days, 11st)
February 12/02/95@ 09/02/96e
(9st) (11st)
March 26/03/92 10/03/93 08/03/94e 06/03/95
(6st) (2 days, 7st) (2 days, 10st) (10st)
April 03/04/95 02/04/96
(9st) (10st)
May 26/05/92 17/05/93 04/05/94e 01/04/95
(10st) (2 days, 10st) (2 days, 11st) (9 st)
June 06/06/94
(2d, 12st)
July 07/07/92 21/07/93 30/06/94 22/07/95
(10st) (2 days, 9st) (11st) 9)
August 22/08/94
(8st)
September 15/09/92 08/09/93e
(2 days, 10st) (2 days, 10st)
October 05/10/93 17/10/94
(11st) (11st, *)
November 19/11/92 09/11/93e 24/11/94e
(2 days, 12st) (2 days, 6 st) (2 days, 7st)
December 10/12/93 03/12/94ee 01/12/95e
(4st) (2 days, 12 st, *) (11st)

At each station the UVP and the CTD were lowered to 1000 m, or to the bottom if shallower. ® indicates transects for which the aggregates mean size

was higher in the frontal zone compared to the peripheral zone.

Defining the sampling grid to study a front is difficult
because the time needed to cover the studied area overlaps
with the high hydrodynamic temporal variability. In order
to minimize this effect, each transect was sampled within
the shortest period possible (i.e. within 0.5 to 3 days),
depending on sea conditions, cruising speed of the
research vessel, and the duration of the daylight period.
Profiles of aggregates were recorded only during daytime,
in order to avoid diurnal variations of aggregate
distributions, which have been shown to influence the
total particle volume in the central zone (Stemmann et al.,
2000). Two tests for diel variability were conducted, one
at the 8 miles station in July 1993 (8 successive profiles at
3-h intervals), and the second by repeating a day transect
the following night in December 1994. The results
showed no clear diurnal variability. A test for short-term
variability (6 days apart) was conducted in October 1994,
i.e. a period when the FZ is wide and the current reduced,
it showed only small variability. These results validate the
use of profiles recorded several days apart. Finally, several
of the transects selected for detailed analyses were
recorded within the same day.

At each station, hydrographic measurements were
conducted with a Seabird CTD SBE19 from surface to
1000 m (only 300 m from January 1992 to January

1993). A Seatech fluorometer was added to the water
sensor package at the beginning of 1993. In December
1994, a Seabird CTD 911 equipped with a transmissi-
ometer was used. The time series of local rivers runoff
(Var) were obtained at the ‘Direction Départementale de
I’Environnement’, and were used to assess the correla-
tion between aggregates and continental inputs by rivers.

3.2. Underwater Video Profiler

The Underwater Video Profiler (UVP) monitors the
abundances, sizes and shapes of objects at a rate of 25 Hz
from surface down to 1000 m (Gorsky etal., 1992). For the
quantitative study of particles, the camera records objects
illuminated in a 1.5 cm thick volume of water (0.28 1). With
a lowering speed of 1 m s~ ', frames are recorded every
4 cm so that successive images do not overlap. The
recorded images are digitized and automatically treated by
an image analysis software. Calibration experiments in a
seawater tank, using known particles of two types, i.e.
dense marine aggregates (fecal pellets, copepods molts)
and transparent aggregates (mucous particles, gelatinous
zooplankton) showed that the UVP detects particles
>100 pm ESD and that a single relation can be used for
all types of particle. The metric surface (¥, measured
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Fig. 3. Density sections from January to June. The horizontal axis is the distance from the shore in miles, and the vertical axis is depth (0-400 m). The
isopycnales are identical on all panels so as to highlight seasonal variability. The 28.85, 28.95 and 29.05 isopycnals are highlighted because this
density band can be considered as the interface between light and dense waters. The gray area corresponds to the zone where the density is lower than
28.65. The stars indicate the positions of the stations (with a vertical resolution of 5 m). The symbols ¢ and | indicate the coastal and offshore limits
of the frontal zone, respectively.

under the binocular microscope) as a function of the
pixel surface (X, given by the UVP image) is
Y=0.00139*X'** (Stemmann et al., 2002). This relation

was tested twice during the survey period, and no drift
was observed. The area of each particle on the video
profile was converted to ESD (mm). In the present
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Fig. 4. Same as Fig. 3, for the months of July to December.

paper, we report vertical profiles of particles larger than
0.15 mm. We only use data from segment portions of
profiles that displayed images with a dark background,
because sunlight interferes with the collimated light
beam.Hence, most of the data come from below 60 m,
ie. 60—1000 m.

3.3. Data treatment

A total of 363 UVP and CTD vertical profiles were
recorded between 1992 and 1996. The CTD data were

treated using the Seabird Software (SEASOFT). The
UVP images were treated with a custom-built image
analysis software. Data on the vertical distribution of
particles were extracted from the video images with a
vertical resolution of 5 m, and a sampling volume of 7 1
per depth bin (25 images every 125 images). Both data
sets (CTD and UVP) were stored in a database under
Matlab until further processing. Among the parameters
that are available for aggregates (total abundance, total
ESVolume, median, mean or standard deviation of ESD,
maximum length, whole size spectrum), we chose to
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Fig. 5. Aggregate abundance (agg. I ") distributions from January to June (1992 to 1996). The horizontal axis is the distance from the shore (one tick
every 5 miles), and the vertical axis is depth (0 to 1000 m). The arrows indicate the positions of the coastal and offshore edges of the frontal zone (see
Figs. 3 and 4). The white contour on the left of each section represents the continental slope. The stars indicate the positions of the stations (with a
vertical resolution of 5 m). The symbols ¢ and | indicate the coastal and offshore limits of the frontal zone, respectively.
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Fig. 6. Same as Fig. 5 for the months of July to December (1992—1996).

For the 34 UVP and 32 CTD transects, 2D sections of
all variables, i.e., temperature, salinity, density, particle
abundance and particle mean size, and sometimes in situ
fluorescence and percent light transmission, were gener-
ated with Matlab (using a linear interpolation method) on a

describe the aggregate populations in this work mostly
by their abundances and mean ESDs. Previous studies
have shown that one can derive the abundances of
aggregates <0.5 and >1 mm from these two parameters
(Stemmann et al., 2002).
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Fig. 7. Aggregate mean ESD (mm) distributions from January to June (1992 to 1996). The arrows indicate the positions of the coastal and offshore
edges of the front. The horizontal axis is the distance from the shore (one tick every 5 miles), and the vertical axis is depth (0 to 1000 m). The stars
indicate the positions of the stations (with a vertical resolution of 5 m). The symbols € and | indicate the coastal and offshore limits of the frontal

zone, respectively.

vertical grid of 10 m and horizontal grid of 2.5 miles,
from 5.5 to 28 miles offshore. The CTD data could not be
acquired together with the UVP profiles in May 1992 and
May 1995. The transect sampled in December 1993,
which consisted of only 4 profiles, was removed from

further analysis. In order to test whether there were sig-
nificant differences in the mean size of the aggregates in
the three different zones, we divided each data set in the
three subsets defined by the frontal zone limits. We re-
sampled 50 data points in each subset 100 times, after
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random permutation, and used the Kolmogorov test for two
samples to assess if the differences were significant.

4. Results

In most works, the terms Surface and Intermediate
Nepheloid Layers stand for layers containing high load of
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Fig. 8. Same as Fig. 7 for the months of July to December.

small micrometric particles detected by methods based
on light transmission and scattering. Because the UVP
detects larger particles (>150 pm), we will use instead
the terms Surface Aggregate Layer (SAL) and Interme-
diate Aggregate Layer (IAL) for aggregate-rich layers in
the upper 200 m and between 200 and 1000 m depths,
respectively.
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4.1. Density distributions

All the sections of seawater density are presented in
Fig. 3 and in Fig. 4. Densities ranged between 27.55 and
29.05 kg m >. In general, section density in the upper
200 m tended to be higher at the offshore end of transects.
In this zone, the establishment of the pycnocline clearly
shows summer stratification. The zones corresponding to
rapid change in horizontal density correspond to the
frontal zone, and the dome in isopycnals corresponds to
the central water. At 5.5 miles offshore, section density at
100 m ranged between 27.55 and 28.5 kg m ° from
September to December, and between 28 and 28.5 kgm >
the remainder of the year. At 28 miles, section density at
100 m, ranged between 28.95 and 29.01 kg m °
throughout the year, although some lower values were
observed in January 1993, July 1993, September 1993,
November 1993, December 1995, and February 1996.

In order to compare the distributions of particles to
density fields, the position of the front is indicated by a
vertical arrow, and the coastal limit of the FZ by a
diamond symbol. In Boucher et al. (1987), the positions
of the FZ were determined from continuous horizontal
transects of T and S, which were not recorded in the
present study. The position of the FZ on each density
section was set where the slope of the density layer
(28.75-28.95 kg m ™ *) was strong (ca 0.3 to 1%). This
density band can be considered as the interface between
light and dense waters'.

The frontal structure was present year round, as shown
by the horizontal density gradient in the middle of the
transects. The FZ separates the two main features in the
North Western Ligurian Sea (i.e., PZ and CZ). In general
the frontal structure is located from 13 to 23 miles offshore,
but some extreme locations were observed in coastal
(March 94, between 8.5 and 13 miles) and offshore (on
March 93, between 15.5 and 25.5 miles) waters. The
horizontal density gradients may show steps (i.c., July
1992, March 1993 and 1995, and December 1995), and
sometimes decrease locally with distance from the shore
(i.e., January 92, March 1992, July 1993, September 1993,
and March 1994). Two major mesoscale features made it
difficult to identify the front location in November 1993

! Using the wind thermal equation 0v,/0z=—(g/ pf).Op/ Ox, where '
is the Coriolis parameter. An along x horizontal density gradient
0.2 kg m > over 10 km across sloping isopycnals corresponds to
20 cm s ' baroclinic geostrophic velocity if such a gradient is
observed on a vertical (z) excursion of 100 m. More precise limits of
LC could not be determined systematically because numerous casts
were too shallow. With such a definition, the FZ encompasses the
offshore part of the LC, which is the most important for vertical
circulation and its effect on biological productivity.

and February 1996. The isopycnals slopes tended to be
steeper from January to June when compared with the
remainder of the year, suggesting that the LC was deeper
and thinner in winter/spring. Hence, the typical frontal
structure (as defined by the horizontal density gradient) was
clearly detected in 28 cases out of 30, and its positions
along the transect are shown in Figs. 3-8.

4.2. Aggregate abundances spatial distributions

Figs. 5 and 6 show all transects for aggregate abun-
dances from 1992 to 1996. Three out of the 34 UVP
sections are not presented in Figs. 5 and 6 because there
were two sets of duplicates performed within 15-day
periods (October 1994, December 1994), and one section
had only 4 profiles (December 1993). Aggregate
concentrations ranged from 0.14 agg. 17" to 1108 agg.
1", In general, aggregate concentrations decreased away
from the coast. Typical coastal aggregate concentrations
ranged from 5 to 300 agg. 1”!, whereas central water
aggregate concentrations ranged from 0.14 to 50 agg. 1"

SAL and IAL contained high concentrations of
aggregates (>60 agg. 1°') at all seasons along the
continental slope. They never expanded offshore further
than 15 miles, except in November 1993 when one TAL
almost reached the offshore station (20—25 miles and
400—800 m). In all cases, the offshore limit of these
layers corresponded to the position of the frontal
structure (e.g. March 1994).

In January 1993, May 1993, and May 1994, high
aggregate concentrations occurred in the frontal area.
Seasonal variability corresponded to higher concentra-
tions from December to May, and lower concentrations
the remainder of the year. The center of the transect was
particularly depleted in aggregates during summer 1994
compared to summer 1993.

4.3. Aggregate mean ESD spatial distributions

Figs. 7 and 8 show the spatial distribution of mean
ESD between 1992 and 1996. Values ranged from 0.2 to
0.55 mm. In general, the mean size tended to be smaller
in the deepest part of the 60—1000 m water column.
Highest mean ESD occurred from November to March.

There were 31 combined CTD-UVP transects, but in
three cases the FZ was defined only by its offshore limit
(March 92, October 93, April 1995), and three transects
had less than 50 data points in one of the subsets
(September 92, October 94, July 95). We analysed the
remaining 25 transects with a Kolmogorov test («=0.01).
The results of the test showed that the average ESD was
significantly higher in the FZ than in the PZ in 13 cases
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(out 0f 25), and significantly lower in 11 cases (out of 25);
in one case out of 25 (i.e. October 1994), the frequency
distributions were similar. The list of transects having
higher ESD in the FZ compared to the PZ is given in
Table 2. In contrast, the mean size was significantly higher
in the FZ than in the CZ in 21 cases (out of 25).

5. Discussion

5.1. Influence of the frontal zone on the spatial
distributions of SALs and IALs

Figs. 5 and 6 show that SALs and IALs are constant
features along the slope. They are characterized by large
spatial and temporal variability at the monthly scale,
suggesting intermittent dynamics. The time series of
aggregate concentrations at 5.5 miles offshore were not
correlated to river runoff (Spearman’s rank correlation,
n=31, rs=0.07 and p>0.1), suggesting that other pro-
cesses such as re-suspension by internal waves (Monaco

etal., 1990), variability in deep currents (Crassous et al.,
1991; de Madron et al., 1999b), and seasonal biological
production (Stemmann et al., 2002) may have influ-
enced aggregate dynamics. In the absence of data, we
will not discuss in detail the origins of the SALs and
IALs, but will instead concentrate on their spatial dis-
tributions across the frontal structure. Their offshore
limits between 15 to 20 miles correspond usually to the
position of the front.

The potential effect of the front on the extent of the
SALs and IALs can be best seen on Fig. 9, which shows
two extremes situations with the front located either
close to the coast or far offshore. In November 1993, the
low density of the central water (Fig. 9A) and the low
horizontal density gradient suggest that the front was
located farther from the shore than 28 miles. Such an
offshore position is rare, but had been previously
reported (November 1985, Sammari et al., 1995). The
upper water salinity was abnormally low (<37.05),
reflecting freshwater input. Precipitation (recorded at
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Nice airport) and river flows were high in October 1993.
The frontal structure may have been pushed offshore as
a consequence of the strong input of freshwater, as
previously observed by Béthoux et al. (1988). The oft-
shore displacement of the frontal system in November
1993 corresponds to the maximum extension of several
SALs and IALs in the central water during our 4-year
survey. The patchy distribution of IALs may have
reflected the spatial and temporal heterogeneity of
continental inputs and the high variability in hydrody-
namic conditions. Contrary to the November 1993 sit-
uation, the FZ in March 1994 was located close the coast,
as suggested by the sharp density gradient between 8.5 and
13 miles (Fig. 9B). The SAL was confined to the coastal
area, and the isolines of aggregate concentrations were
parallel to the isopycnals. This suggests that weak cross-
front transport of aggregates occurred in the 0-200 m
water layer. In contrast below 350 m, the IAL tended to
expand farther offshore but did not exceed 10.5 miles.
These two situations show that the horizontal gradients
of aggregate concentrations in the SAL followed those of
seawater densities, suggesting that lateral export was a
function of the aggregate excess density and the position
of the front. The FZ along the Northern Mediterranean
Current was shown to be a limit for the INL spreading in
the CZ (Copin-Montegut, 1988; Durrieu de Madron et al.,
1990; de Madron et al., 1999b), and to limit the offshore
spread of coastal planktonic species and fish larvae to the
open sea (Pedrotti and Fenaux, 1992; Sabates and Olivar,
1996). Our data suggest that the FZ also prevents the

offshore spreading of aggregates, probably because these
were carried away by the circulation.

5.2. Aggregation in and below the frontal system

In 13 of the 25 transects, the FZ showed significantly
larger ESD than the PZ, and in 21 cases the FZ showed
significantly larger ESD than the CZ. Hence, slightly
more than half of the sections had larger ESDs in the FZ
compared to the PZ. It is possible that this frequency was
under-estimated, because the statistical procedure is based
only on physical properties (i.e. location of the FZ), while
aggregation processes also involve marine production or
continental inputs. The best period for aggregation is from
September to April, when the mesoscale activity is high
and when the source particles are abundant due to marine
production (from March to May and from September to
October) or continental inputs (in November and
December). Hence, lower probability of aggregation in
the FZ is expected during summer because the current is
weak and continental inputs and marine production are
low. As a result, all five transects performed in July and
August showed no significant ESD increase in the FZ. If
we excluded these situations from the analysis, then the
frequency of cases in which larger aggregates were
observed in the FZ compared to the PZ would increase
from 13 out of 25 to 13 out of 20. Since particle
aggregation occurs also in coastal or oceanic zones
(Riebesell, 1991a; Stemmann et al., 2002), the maxima of
aggregates ESD should not be restricted only to frontal
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Fig. 10. Sections of spatial distribution of particles across the frontal system on the night of December 3 1994. (A) Suspended particulate matter load
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systems. However, the relative high frequency of their
observation in the FZ during our study suggests that
specific processes enhance aggregation there.

In order to illustrate the spatial distribution of aggregates
from the surface, Fig. 10 details the nighttime situations on
3 December 1994 (both night and day transects showed
similar patterns in the 60—1000 m depth layer). Total
aggregate abundances were higher in the PZ than in the CZ,
and an TAL was observed along the continental slope
between 400 and 950 m. The offshore extent of this layer
was limited to 15.5 miles. The data obtained from the
transmissiometer attached to the UVP frame showed that
the spatial pattern of submicron particles was similar to the
one of aggregates <0.5 mm with a sharp decrease
13.5 miles offshore. Similar spatial pattern for INL and
IAL has been observed in a previous study in the Gulf of
Lions (de Madron et al., 1999b). The aggregate mean ESDs

05 Feb. 1996

were highest from 100 to 1000 m between 10.5 and
15.5 miles offshore in the FZ. The increase of aggregate
mean ESD is due to the local increase in aggregates > 1 mm
(Fig. 10D) and the low concentration of aggregates
<0.5 mm (Fig. 10B). The high concentration of aggregates
>1 mm in the convergence zone of the frontal system and
their decrease in concentration deeper suggests that they
originate in the frontal water around 100 m, and that they
were exported below the source of production.

Two aggregation mechanisms can explain the higher
concentrations of aggregates >1 mm in the frontal
system. First, small particles can coagulate efficiently in
the frontal zone due to the higher turbulence level that
enhances the cells encounter rates (Jackson, 1990). This
process can occur at time scale relevant to the physical
forcing (1-2 days), if the particle load is high enough
and if the particles are sticky. These source particles

15 Feb. 1396

Fig. 11. NOAA/AVHRR Sea Surface Temperature (SST) image on the night of 8th to 9th of February 1996, and on 15th of February. The flow of AW
appears as warmer temperatures (temp. increases from dark blue (~ 14 °C) to dark red (~ 17 °C); clouds are masked in white). The transect is defined
by the dark line extending from the coast. The dotted line on the 15th of February indicates the virtual position, relative to the meander, of the transect
on the 9th of February. There is a sharp meander just upstream the section on 9th of February, which has propagated southwest on the 15th of
February. There are two other meanders (numbered from 1-older- to 3-younger-) propagating downstream.
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could be produced locally from phytoplankton cells, or
could be transported from the continental slope. The
continental source may be important in spring and
autumn when the river runoff is high. Second, an
increase in zooplankton abundance and production of
detritus can occur because frontal systems are zones of
high trophic activity (Boucher et al., 1987; Legendre
and Le Fevre, 1989; Thibault et al., 1994). However, the
concentration of zooplankton >1 mm in the Mediterra-
nean frontal area is too low to account for the observed
number of aggregates. For example, the abundance of
copepods >500 pm in size is less than 3.5 ind. m > in
the top 200 m layer, compared to 1000 aggregates
(>1 mm) m ™ observed in the present study. Therefore,
we suggest that most particles >1 mm are aggregates
produced in the frontal zone through biophysical
processes (coagulation and biologically mediated ag-
gregation) rather than living organisms.

Interestingly, the concentration of aggregates >1 mm
in the deep layer is high down to 800 m, suggesting
efficient vertical export of the surface production. Such

L. Stemmann et al. / Journal of Marine Systems 70 (2008) 1-20

efficient export is possible if the aggregates settle or are
transported rapidly, or are produced while settling. The
first mechanism is supported by the high settling speed of
1 mm aggregates, which ranges from 50 to 300 m day '
(Alldredge and Gotschalk, 1988; Stemmann et al., 2002).
In addition, high vertical velocity that has been observed
in other highly hydrodynamic situation in the Western
Mediterranean Sea could accelerate the downward
transport of particles (van Haren and Millot, 2005). The
second mechanism is supported by the observation that
the INL and IAL which extend from the slope do not
penetrate further offshore than the zone where large
aggregate concentrations are high (Fig. 10). The horizon-
tal decrease in concentration of small particles could be
explained by scavenging. Indeed, the large fast settling
particles, formed in the upper water column, would
collide with the slow settling particles and build
aggregates with them. This mechanism was proposed
by Monaco et al. (1990) to explain the offshore limitation
of continental inputs and the high flux of marine-snow
type particles in sediment traps at the shelf break in the
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Fig. 12. (A) Aggregates abundance and (B) mean ESD along the same transect in February 1996. The arrows identify the stations which were all
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Gulf of Lions. This mechanism could also explain why
the IALs do not extend offshore beyond the frontal zone
where the large aggregates are produced.

5.3. Effect of a meander on the spatial distribution of
aggregates

The flow of the LC is not steady and exhibits meanders
(Sammari et al., 1995) that can be used as a test for the
conceptual model of cross-slope exchange of particles
inferred from the above results. Previous work over the
margin in the Gulf of Lions has shown that peaks of
particle fluxes in sediment traps were more affected by
intense cross-slope fluctuations of the current containing
Atlantic Water than by large riverine or atmospheric
inputs (de Madron et al., 1999b). In the present study, the
isopycnals in February 1996 first showed a sharp upward
slope, corresponding to the crossing of the part of the LC
that flows along the slope (~ 8 miles wide), followed by a
trough, corresponding to the crossing of the meander
(Fig. 2B). The wave-like meandering structure of the
current is clear from the sea surface temperature (Fig. 11).
By 30th of January (data not shown) the meander had
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built up and its western edge was upstream of the transect.
By 9th of February, the meander was fully developed off
the transect location, so that its edge (front) was located
farther than 28 nautical miles offshore, and hence was not
crossed. As the image on 9th of February (date of the
transect) had a cloud right on the transect, we also show
the cloud-free image on 15th of February, at which time
the position of the transect had moved 22 km southwest-
wards, corresponding to a4 cms™' of phase velocity of the
meander (Fig. 11). Such velocity is close to the values
from current meters and images in the same area in winter
(Sammari et al., 1995). The structure may have reached a
depth of 400 m, as suggested by drastic change in density
at that depth (Fig. 12). The spatial distributions of both the
total abundances and mean sizes of aggregates corre-
sponded to the hydrological structure (Fig. 12). The mean
sizes of aggregates were highest at the two shoreward
edges of the density domes. Moreover, at 25.5 miles, the
mean sizes were high down to 1000 m, suggesting that
particles in the whole water column were affected by the
frontal structure. The SAL was closely related to the
density field, with the abundance maxima in the current.
Thus, the February 1996 situation suggests that sub-

-50

[

-150

-250

.

-
=
h

-450

-550

)
Aggregate (>1 mm) abundance (#/1)

-650

-750

-850

1‘0 15 2‘0 25 3‘0 35
A O

Distance on the South
- North transect (miles)

Fig. 13. (A) Spatial distribution of aggregates <0.5 mm in ESD and isopycnals in the Almeria frontal system. (B) Spatial distribution of aggregates
>1 mm in ESD and isohalines (modified from Gorsky et al., 2002). The main flows of the Atlantic jet, the Atlantic Anticyclonic Gyre (AAG) and the
Mediterranean Water are indicated. The horizontal distances are from the coast. The arrows identify the stations.
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mesocale processes occurring in the FZ may had major
effects on the dynamics of aggregates that confirm the
aggregation pattern in highly dynamic current situation.

5.4. Common features of the Ligurian and Almeria
fronts, and potential effects along the AW flow in the
Western Mediterranean

The ALMOFRONT I cruise took place in June 1991
in the Almeria frontal system in the Alboran Sea.
Although this frontal structure differs slightly from the
Ligurian frontal system (Prieur et al., 1993), the adjacent
pelagic ecosystems are comparable (Zakardjian and
Prieur, 1998). In this system, high concentrations of
nutrients (Bianchi et al., 1994) and chlorophyll « (Fiala
et al., 1994) were on the left-hand side of the jet (JET),
while high particulate vertical fluxes (Peinert and
Miquel, 1994) were recorded on the right-hand side in
waters from the Atlantic Anticyclonic Gyre (AAG). By
contrast, nutrient concentrations and vertical fluxes were
low in the adjacent Mediterranean Water.

As in the Ligurian frontal system, the highest
concentrations of aggregates larger than 1 mm were
observed in the frontal area at the edge of the jet and the
Mediterranean Water (Fig. 13). Their maximum abun-
dances were found at 50 m depth in the divergence zone
(corresponding to the peak of chlorophyll @), while
deeper the high abundances were more in the conver-
gence zone under the jet. The relatively high concentra-
tions of aggregates >1 mm are observed down to 850 m
as in the Ligurian front. In contrast, the aggregates
<0.5 mm are found near the coast forming an SAL and an
IAL extending from the coast, which suggests continen-
tal input. The offshore limit of this AL corresponds to
the site where large particles are abundant down to
1000 m depth. This leads to the conclusion that the
laterally transported continental particles were scav-
enged by the large settling particles produced in the FZ. It
follows that the general mechanism derived from the
aggregate dynamics in the Ligurian frontal system may
also applies to the Almeria frontal system.

In the Western Mediterranean Sea, the AW flows
continuously following a general cyclonic path, and
permanent fronts and eddies are ubiquitous features in
that basin (Millot, 1999). The present study indicates that
the spatio-temporal distribution of marine aggregates is
profoundly affected by the general surface circulation
along the path of the AW, and its effect on particle
distribution is seen from surface down to at least 1000 m.
In this continuous frontal structure, large aggregates are
produced near the surface and sink. Thus, the frontal
structure creates an “aggregate shower curtain”—a

curtain of settling particles. The offshore spread of the
INLs may be stopped by this continuous biological
barrier as proposed by Monaco et al. (1990) in the Gulf of
Lion. Given the long path of the AW along the
continental margins of the Western Mediterranean, the
total vertical flux of particles over the whole basin may
significantly reduce the seaward land—ocean transport of
particles and increase vertical fluxes at fronts. The quan-
tification of these interactions is not yet feasible due to
lack of information on the spatial scales of the physical
structures, and also on the properties of aggregates, i.c.
mass and settling speed but is of considerable interest.
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